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Abstract 
 Exciton polaritons (EPs) are half-light, half-matter quasiparticles formed due to the 
coupling between photons and excitons in semiconductors. Their uniqueness lies at the strong 
light-matter interactions and long-distance transport, thus promising for many novel 
applications in photonics, information and quantum technologies. Recently, EPs in group VI 
transition-metal dichalcogenides (TMDs) have attracted a lot of research interest due to their 
room-temperature (RT) stability, long-distance propagation, and controllability through 
electric gating, valley-selective optical pumping, and precise thickness control. In this progress 
report, we review recent studies of EPs in TMDs, highlight their key properties and 
functionalities, and then discuss the potential directions for future research. 
 
1. Introduction 
 Polaritons are quasiparticles generated due to the coupling between photons and dipole-
carrying excitations in materials.[1,2] Depending on the nature of the elemental excitations 
involved in the coupling, there are many types of polaritons. For example, plasmon polaritons 
are generated due to the collective oscillations of photons and electrons in metals or doped 
semiconductors.[3] Plasmon polaritons have been extensively studied in noble metals and 
recently in graphene,[4,5] which are typically in the visible and infrared (IR) frequencies, 
respectively. Phonon polaritons, on the other hand, are created when photons couple with 
optical phonons in polar insulators typically in the terahertz to mid-IR regions.[6] There are also 
reports about magnon polaritons in magnetic materials [7] and superfluidity polaritons in 
superconductors.[8] Through the studies of polaritons, one can uncover the fundamental 
physical properties related to light-matter interactions of the hosting materials. In addition, 
polaritons offer new methods for manipulations of the electromagnetic modes by tuning the 
properties of the hosting materials, which are not available for bare photons. Furthermore, 
polaritons are promising for many technological applications, such as surface-enhanced 
Raman/infrared spectroscopy, metamaterials, biosensing, solar harvesting, polariton lasing, 
signal processing, and energy/information transport in the nanometer length scale.[1,2,3,6,9]  
 Exciton polaritons (EPs) are another type of polaritonic modes, which are formed when 
photons are coupled with excitons in semiconductors (Figure 1a). Here an exciton is an 
elementary excitation that consists of an electron and a hole bound together by Coulomb 
interactions. The EPs are typically in the near-infrared to ultra-violet regions. In fact, the term 
‘polariton’ was first coined by J. J. Hopfield in 1958 when he studied theoretically the 
interactions of light with exciton states in bulk crystals.[10] Since then, EPs have been a hot 
topic of research in condensed matter physics and material science. Exciton polaritons are 
studied mostly in semiconductor quantum-well systems, where many groundbreaking 
discoveries were made such as Bose-Einstein condensation, polariton lasing and 
superfluidity.[11-18] Despite all these outstanding achievements in fundamental science, 
applications based on these quantum-well systems are limited by their relatively small exciton 
binding energy (Eb) that is typically below room-temperature (RT) thermal energy (~26 meV) 
(Figure 1b). As a result, excitons in these systems are commonly not stable at ambient 
conditions. To achieve RT EPs, wide-band-gap semiconductors (e.g. ZnO and GaN) and 
organic semiconductors were extensively studied.[16,19,20] The size of Eb in these wide-band-
gap semiconductors are typically a few tens to ~ 100 meV, so the EPs are stable at room 
temperature. Nevertheless, due to the sizable bandgaps, the EPs are limited to the blue end of 
the visible spectrum or the near-ultraviolet region (Figure 1b). In the case of organic 
semiconductors, Eb could reach hundreds of meV (Figure 1b),[21] far above the RT thermal 
energy. One possible limiting factor of organic samples is their relatively low quality and 
stability. They normally degrade quite rapidly at ambient conditions or under moderate optical 
excitations. Therefore, it is imperative to search for new polaritonic materials that are stable 
for long-term operations at room temperature and cover the technologically-important near-
infrared to visible regions where fiber-based photonics prevails.  
 Group VI transition-metal dichalcogenides (TMDs) with chemical formula MX2 (M = 
Mo, W; X = S, Se, Te) in the 2H phase are the most studied van der Waals (vdW) layered 
semiconductors (Figure 1c). Recently, it was discovered that TMDs support stable EPs with 
many unique properties and characteristics. Prior to the studies of EPs, these layered 
semiconductors have shown many intriguing electronic, magnetic and optical properties.[22-24] 
For example, single-layer TMDs are 2D semiconductors with sizable direct bandgaps.[25,26] In 
contrast, bulk or few-layer TMDs are proven to be semiconductors with indirect bandgaps. The 
other interesting aspect of TMDs is their strongly bound Wannier-Mott excitons. There are two 
neutral excitons (A and B excitons) commonly studied in TMDs, which are formed due to the 
spin-orbit coupling induced band-splitting in the valence band (the inset of Figure 1c). The two 
exciton resonances with energies of EA and EB can be seen clearly from the ab-plane dielectric 
function εab of TMDs (see Figure 1d, εab of WSe2 here adopted from previous literature[27]). 
When TMDs are sufficiently doped, charged excitons (e.g. trions) could also form.[28,29] For 
bulk TMDs, the binding energy (Eb) of neutral excitons is close to 100 meV and much higher 
than the RT thermal energy (~26 meV) (Figure 1b).[30-34] Remarkably, when thinning the bulk 
crystals to atomic layers, Eb increases dramatically towards ~1 eV (Figure 1b) due to the 
reduced out-of-plane dielectric screening.[35-44]    
 The strongly-bound excitons are one of the key advantages of TMDs for exploring 
stable and robust EPs at room temperature. In addition, the EP energy of TMDs (close to their 
exciton energy) varies from one to another, and together they cover a broad spectral region 
from near-IR to visible (~1.1 – 2.1 eV) (Figure 1b), suitable for a wide range of applications. 
At the same time, both excitons and EPs have demonstrated sensitive dependence with sample 
thickness, so it is convenient to tailor EPs by accurately controlling the sample thickness with 
atomic accuracy. As the thickness of TMDs approaches a few atomic layers, electrical gating 
offers an unprecedented method for actively tuning EPs. Besides electrical gating and thickness 
control, the valley degree of freedom of TMD excitons can also be exploited to manipulate EPs. 
Furthermore, EPs in TMD waveguides could be highly confined and long propagating modes 
potentially useful for energy and information transfer in the nanoscale. The confinement factor 
defined as the ratio between the free-space photon wavelength over the polariton wavelength 
could reach as high as 5.5 that is on par with other nanophotonic modes in the near-IR to visible 
regions (e.g. surface plasmon polaritons of noble metals). The nanophotonic figure of merit 
(FOM) of propagation, defined as the ratio of the mode propagation length over the mode 
wavelength, is comparable to or even better than other commonly studied nanophotonic modes 
(Figure 1e). Finally, atomically thin TMDs are transparent, flexible, and mechanically strong; 
therefore, EPs in these vdW semiconductors are promising for practical optoelectronic and 
nanophotonic applications. In Figure 1f, we summarize the key characteristics and merits of 
EPs in TMDs, which are largely confirmed by recent experimental studies, as discussed in 
detail in the main part of the paper.  
  
 
Figure 1. a) Illustration of an exciton polariton (EP) that is quasiparticle (blue sphere) formed 
by the coupling of a photon (green curve) and an exciton (coupled electron-hole pair, marked 
with red and blue spheres). b) Exciton binding energies (Eb) versus exciton energy (Eex) of 
varieties of semiconductors including inorganic semiconductors (blue dashed oval), organic 
semiconductors (purple dashed oval) and the TMDs (red dashed oval, A excitons here). The 
black dashed line marks the room temperature (RT) thermal energy (~26 meV). The numbers 
of Eb and Eex are based on literature.[21, 30-65] The shaded regions mark the uncertainties due to 
inconsistencies among different reports. c) Illustration of the atomic structure of a monolayer 
TMD. Inset sketches the electronic structure of TMDs close to the K point where the two 
arrows mark the excitations of the A and B excitons. d) The ab-plane dielectric function of 
WSe2 [27] revealing the A and B excitons (vertical dashed lines). The black and red curves are 
real and imaginary parts of the dielectric function, respectively. e) The nanophotonic figure-
of-merit (FOM) of propagation of a few popular polaritonic modes. Here the FOM is defined 
as the ratio of polariton propagation length (Lp) over polariton wavelength (λp). The ovals 
define the upper and lower limits of FOM and energy reported from experimental studies.[66-72] 
f) General characteristics and merits of EPs in group VI transition metal dichalcogenides 
(TMDs). 
 
 In this progress report, we will review recent studies of EPs in TMDs that cover both 
the strong light-matter interactions and real-space transport aspects. For more comprehensive 
reviews about various types of polaritons in the entire vdW and 2D material family, please refer 
to the following reviews.[1,2] There is also an earlier review paper that focuses on the studies of 
strong light-matter coupling in 2D semiconductors by 2017.[73] In the following sections of the 
paper, we will first discuss the generic dispersion properties of EPs and the experimental 
techniques that are used to probe EPs. We will then discuss in detail the EPs in TMDs based 
on recent experimental studies, which cover cavity EPs, hybrid plasmon-exciton polaritons 
(PEPs), valley polarized EPs, electrical tunable EPs and near-field imaging of propagative EPs 
in TMDs. Finally, we will discuss the possible future research directions in this topic of 
research. 
   
 1.1 Generic dispersion properties of EPs 
 The general properties of EPs can be understood through the dispersion relation. A 
generic dispersion of EPs is illustrated in Figure 2a. As shown in this plot, when photons (green 
dashed line) are coupled with excitons (blue dashed curves), they tend to avoid mode-crossing 
and form half-photon, half-matter EP modes (black dashed lines). Here we use free space 
photon dispersion for convenience. As discussed below, the cavity and waveguide photons 
have slightly different dispersion properties. The two blue curves correspond to longitudinal 
and transverse excitons that are slightly dispersive. The top and bottom black curves represent 
upper and lower branches of bulk EP modes. The one sandwiched by the two exciton curves 
represents the surface EP mode.  
 To understand the dispersion relations of the three polaritonic branches of the EPs, it is 
useful to write down the dielectric function of exciton resonance[73]: 
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where ωT and ωL are the transverse and longitudinal resonance frequencies at zero momentum 
(k = 0), ω is the angular frequency of the excitation optical beam, ε∞ is the background dielectric 
constant, γex is exciton decay rate, the term ħωTk2/Mx describes the spatial dispersion of excitons 
(exciton energies increases at higher momentum) that is normally quite small in the experiment 
accessible momentum regime, Mx = me + mh is the translation mass of exciton, and ħ is the 
reduced Planck constant. Note that the realistic dielectric function (Figure 1d) consists of 
multiple exciton resonances like Eq. 1 as well as a huge background contribution from 
interband transitions. When ω is in the vicinity of ωT, the dielectric function can be 
approximately expressed as 
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 For bulk EPs, the dispersion relation is given by  
2
2
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ωε ω=k k
c
.                           [3] 
Therefore, bulk EPs exist when ( , ) 0kε ω > . Based on Eqs. (2) and (3), the solutions for the 
dispersion of bulk upper and lower bulk EPs are  
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 For surface EPs, the in-plane wavevector (kep) is larger than that of free space photons 
and the polariton mode is confined at the sample surface. Its dispersion can be obtained by 
analyzing the boundary conditions, which yields 
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( , )ep
kck
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ε ωω
ε ω
+
= .                           [5] 
As a result, surface EPs only exists when ( , ) 1kε ω < − .   
 The above conditions for both bulk and surface EPs can be found in an ideal exciton 
resonance. Figure 2b plots the real part of the dielectric function ε1(ω) at k = 0 in an ideal 
condition, where both ε∞ and Γ are relatively small. The imaginary part of the dielectric 
function ε2(ω) (not shown here) peaks at ωT and quickly drops to zero as ω moves away from 
ωT. From Figure 2b, one can see that there are three sections (labeled by I, II and III) that are 
separated by the transverse and longitudinal excitons (marked with blue dashed lines). In 
sections I and III, ε1 is positive and increases with frequency, so bulk EPs (upper and lower 
branches) with positive dispersion are supported in the two regions as shown in Figure 2a. The 
upper and lower EPs are highly dispersive, and they can become waveguide modes as the 
sample size decreases. In section II, ε1 is negative, so surface polaritons could be supported. 
The surface EPs are weakly dispersive and stay inside the gap between ωT and ωL. Nevertheless, 
surface EPs are not commonly seen due to the high dielectric background or high exciton 
broadening. As a result, the dielectric function ε1(ω) of entire exciton resonance is all positive 
(Figure 2d) and surface EPs are over-damped (Figure 2c). So far, there are only a few early 
works reporting observations of surface EPs in ZnO at cryogenic temperatures.[75-77] In nearly 
all other cases, studies of EPs only involve upper and lower bulk EP modes. Due to the small 
transverse and longitudinal splitting energy of excitons, it is also common to plot only one 
exciton frequency ωex = ωT ≈ ωL in the EP dispersion diagram (Figure 2c).  
   
  
Figure 2. a) An ideal dispersion plot of EPs (black curves) that includes the upper bulk, lower 
bulk, and surface polariton branches. The green dashed line represents the photon dispersion. 
The two blue dashed curves represent the transverse (ωT) and longitudinal (ωL) excitons. b) 
The real part of the dielectric function of an ideal exciton resonance mode. c) A realistic 
dispersion plot of EPs (black curves) that includes upper and lower bulk polariton branches. 
The green line marks the photon dispersion. The blue dashed curve represents the exciton (ωex). 
The red arrow marks the Rabi splitting energy (ΩR). d) The real part of the dielectric function 
of a realistic exciton resonance mode. 
 
 1.2 Strong-coupling regime of the EPs 
 Generally speaking, when discussing EPs, the strong coupling between excitons and 
photons is more desirable. In this regime, eigenstates of the system are equal mixtures of 
photons and excitons. Accordingly, the upper and lower EP branches are well separated and 
show clear distinctions from the pure photon and exciton modes in the dispersion diagram 
(Figure 2c). In order to achieve the strong coupling regime, microcavities of different forms 
are commonly used in the studies of EPs. Here microcavities are subdiffractional optical 
resonators that can confine light and thus enhance the interactions of light with matter. They 
typically take advantage of reflections off mirrors or total internal reflection at the dielectric 
interfaces. More discussions about different types of cavities are given in Section 2. The 
coupling strength (g0) in cavities is evaluated by the photon-exciton interaction energy (ΔE) 
and can be expressed as ΔE = ħg0. The interaction between excitons and photons in cavities 
can be conveniently described by a coupled oscillator model.[78,79] Considering the 
longitudinal-transverse splitting is much smaller than exciton energy, we assume ex T Lω ω ω= ≈ . 
The Hamiltonian of the coupled oscillator system is given by 
0
0
c c
ex ex
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H
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ω γ
ω γ
− 
=  − 
 .                         [6] 
Here γc is the cavity photon decay rate. The eigenvalues obtained by diagonalization of the 
Hamiltonian are 
( ) ( )220
1 1( ) ( )
2 4c ex ex c c ex ex c
i g iω ω ω γ γ ω ω γ γ± = + − + ± + − − − .          [7] 
Equation (7) reproduces the energy splitting of the EP dispersion shown in Figure 2c. On 
setting the cavity photon energy resonant with the exciton energy (ωc=ωex), the Rabi splitting 
energy ( )22+ - 0 0= ( - )= 4 - 2R ex cg gω ω γ γΩ − ≈    , when 0ex c gγ γ− << . The observation of 
distinct polariton branches requires that ΩR exceeds the linewidths of the polariton branches,[80-
82] which is ex cγ γ+  according to Eq. (7). Note that the linewidths of bare photon and exciton 
modes are 2γex and 2γc respectively in the current definition.[82] Therefore, the condition to 
achieve strong coupling regime is R ex cγ γΩ > + .  
  
 1.3 Experimental methods for probing EPs 
 The experimental methods used for probing EPs in TMDs can be classified into two 
categories: far-field optical spectroscopy and near-field optical imaging (Figure 3a,b), which 
are different but complementary to each other. The former is more commonly used and widely 
applicable to large samples with different geometries. The latter enables high resolution and 
real space measurements of coherent EP transport in microscopic samples. Both types of 
methods have been widely applied in studying polaritons in other materials.[1,2,74]  
 The spectroscopic methods used for polaritonic studies of TMDs include the 
reflection/absorption spectroscopy, photoluminescence (PL) spectroscopy, and dark-field 
scattering spectroscopy (see discussions in Section 2), which measure the resonant absorption, 
emission and scattering of the EPs, respectively. To generate EPs for spectroscopy 
measurements, many coupling methods have been developed and applied, for example, by 
using dielectric prisms,[83,84] gratings,[84] waveguides,[85] and Fabry-Pérot (F-P) cavities with 
top and bottom mirrors.[86] Among all the coupling methods, the F-P cavities are the most 
popular one. A typical F-P cavity is illustrated in Figure 3a, where the in-plane EP wavevector 
is equal to 2 2( / )sin ( / )ep zk c c kω θ ω= ≡ − , where c is the speed of light inside the cavity 
and kz is the z-component wavevector. Therefore, it is convenient to control the in-plane EP 
wavevector kep through either incident angle (θ) or cavity detuning that directly controls kz. The 
latter can be achieved by varying cavity distance or cavity dielectric medium. Both angle-
resolved and cavity detuning methods are widely used in spectroscopic studies of EPs. 
Commonly, for far-field spectroscopy measurements, kep is fixed and ωep is determined by 
measuring the resonances in the absorption, reflection or emission spectra. With such a fixed-
momentum method, the obtained EP dispersion appears to be anti-crossing. This can be clearly 
illustrated in Figure 3c, where the fixed-momentum measurement is represented by vertical 
dashed lines in the dispersion plot. The color map plots a theoretical dispersion relation of a 
realistic EP mode in a TMD planar waveguide.[71] The blue crosses represent a series of 
experimental dispersion data points and the EP dispersion reflected by these data points 
demonstrates an anti-crossing feature (Figure 3c). 
 The near-field imaging method is a completely different approach. It utilizes a near-
field tip from a scanning near-field optical microscope (SNOM) to couple photons into EPs 
and then maps the interference patterns of the EPs by raster-scanning the tip across the sample. 
Similar methods have also been used in imaging plasmon polaritons in graphene[66-68] and 
phonon polaritons in hBN[69]. Figure 3b illustrates EPs launched by the scattering-type SNOM 
(s-SNOM), where the metallic tip of an atomic force microscope (AFM) is illuminated by a 
laser. The tip-enhanced evanescent field with a small volume and a wide distribution of 
momenta can efficiently launch EPs. These EPs propagate away from the tip and get scattered 
into photons at the sample edge. The photons from edge scattering of EPs and from direct tip 
scattering are both collected by the detector. Thus, when the tip scans towards or away from 
the sample edge, periodic interference fringes form. The EP wavelength λep or momentum kep 
can be determined directly from the interference fringes. By measuring kep at various laser 
energies covering the exciton energy, the dispersion relation of EPs can be obtained. Note that 
the near-field imaging method is mainly used as a fix-energy method for probing EPs. As 
illustrated in Figure 3d, fixed-energy measurement of the EP dispersion is represented by 
horizontal dashed lines. The series of data points (blue crosses) demonstrate a back-bending 
feature (Figure 3d).  
    
 
Figure 3. a) Illustration of far-field spectroscopy study of EPs confined in a cavity. b) 
Illustration of near-field imaging study of EPs propagating inside the sample. c,d) Illustration 
of EP dispersion mapping with fixed-momentum and fix-energy experiments, respectively. c,d) 
Reproduced with permission.[71] Copyright 2017, Nature Publishing Group. 
 
2. Far-field spectroscopy studies of EPs in TMDs 
 2.1 Fabry–Pérot cavity EPs 
 The first known experimental study of the EPs in TMDs was reported by Liu et al. in 
2015.[86] In this work, monolayer MoS2 was embedded in a F-P microcavity formed by two 
dielectric distributed Bragg mirrors (DBR) (Figure 4a). Both angle-resolved reflection and PL 
spectroscopy were performed in this study. As shown in Figure 4b, the angle-resolved 
reflectivity spectra show two distinct dips that are shifted from the bare exciton resonance, 
corresponding to lower polariton branch (LPB) and the upper polariton branch (UPB). The 
dispersion extracted from the reflectivity minima is shown in Figure 4c, which reveals an anti-
crossing behavior with a Rabi splitting of 46 ± 3 meV. Similar results were obtained with PL 
measurements. Therefore, the work by Liu et al. proved for the first time that monolayer MoS2 
support EPs in the strong coupling regime at room temperature, which is attributed to the large 
exciton binding energy. The following study with well-protected TMD sample and precisely 
engineered microcavities leads to observations of EPs with higher quantum coherence at low 
temperatures.[87]  
 Demonstration of EPs with tunable microcavities was first reported by Dufferwiel et 
al.[88] Here, the hBN encapsulated MoSe2 sample is placed inside a tunable microcavity 
consisting of one planar and one concave DBR (Figure 4d). The cavity resonances were tuned 
by controlling the mirror separation with a piezo. The reflectivity spectra measured as a 
function of piezo voltage is plotted in Figure 4e as a hyperspectral image. A clear anti-crossing 
feature is observed when the cavity resonance is tuned through the neutral exciton energy, 
indicating the strong coupling between excitons and cavity photons. In addition, a weak-
coupling regime involving the charged excitons (trions) is also observed. This is consistent 
with the reduced oscillator strength of charged excitons as evidenced by the low absorptions.  
 
 
Figure 4. a) Illustration of a DBR cavity for measurement of cavity EPs in MoS2. b) Angle-
resolved reflectivity spectra of the sample in a) under TM polarization. The exciton energy and 
polariton modes are marked with the red dashed line and red curves, respectively. c) The energy 
versus incident angle dispersion diagram extracted from b). a-c) Reproduced with 
permission.[86] Copyright 2015, Nature Publishing Group. d) Schematic of a tunable 
hemispherical cavity with embedded MoSe2 encapsulated by hBN. e) Dispersion of EPs 
obtained by scanning the piezo voltage that controls the cavity resonance of d). d,e) 
Reproduced with permission.[88] Copyright 2015, Nature Publishing Group. f) Dispersion of 
strongly coupled exciton-trion polaritons measured by angle-resolved photoluminescence (PL) 
spectroscopy at 6 K. Here UPB, MPB, and LPB represent the upper, middle and lower polariton 
branches respectively. The red dots are experimental data of EPs. The blue dots represent the 
dispersion of uncoupled photons, excitons, and trions. The solid red line is the fit to the 
theoretical model. f) Reproduced with permission.[89] Copyright 2018, Nature Publishing 
Group. 
 
 Strong coupling between photons with both excitons and trions was also observed.[89] 
Such a coupling leads to the observation of multiple cavity polariton resonances (labeled as 
UPB, MPB, and LPB in Figure 4f) by angle-resolved PL spectroscopy at cryogenic 
temperatures. In particular, anomalous band inversion appears in the lower polariton branch 
originated mainly from trion polaritons. According to the authors, this is attributed to many-
body effects in an out-of-equilibrium setting that induce an effective level attraction between 
the EPs and trion polaritons. 
 In addition to F-P cavities formed by DBR mirrors,[86-91] several other types of F-P 
cavities were reported in the studies of EPs in TMDs. For example, TMD planar waveguides 
could serve as F-P microcavities due to their capability of confining photons within the 
waveguide.[92,93] In addition, F-P cavities based on metal mirrors were also used to create EPs 
in TMDs.[94-97] In nearly all cases, the strong coupling between cavity photons and excitons is 
confirmed by the measurements of Rabi splitting energy ΩR, which is typically in the order of 
tens to hundreds of meV. The large Rabi splitting energies prove that these cavities are feasible 
platforms for the studies of EPs in TMDs in the strong coupling regime. 
 
 2.2 Plasmon-exciton polaritons in TMDs 
 Metallic nanostructures or nanocavities that support surface plasmon resonances or 
surface plasmon polaritons provide an alternative platform for the coupling with excitons to 
form polaritons. Due to the subwavelength mode confinement and strong field enhancement of 
plasmons, it is more convenient to reach the strong coupling regime. Polaritons formed due to 
such coupling are called plasmon-exciton polaritons (PEPs), which are hybrid modes between 
EPs and plasmons. In the last few years, there are many studies of PEPs in TMDs, which 
generally involves plasmonic nanostructures, plasmonic cavities, and Tamm plasmons.  
  One type of plasmonic nanostructures is demonstrated in Figure 5a, where plasmonic 
lattices made of silver are deposited directly on monolayer MoS2.[98,99] Upon resonant optical 
excitations, these plasmonic lattices generate localized plasmon resonances that couple with 
cavity photons and excitons in TMDs (Figure 5a), thus forming PEPs. As shown in Figure 5b, 
there are multiple resonances shown in the angle-resolved differential reflectance spectra, 
which correspond to different branches of the PEPs.[98] Moreover, Liu et al found a strong 
coupling between excitons and plasmons with a coupling strength up to 58 meV at 77 K, which 
also survives at room temperature. Other forms of plasmonic nanostructures include metallic 
nanorods,[100,101] bi-pyramids,[102] and nanoprisms.[103] The general results from these studies 
are consistent with each other. As an example, we replot in Figure 5c the schematics from the 
work by Zheng et al.,[100] where they deposited silver nanorods on monolayer WSe2 by 
dropping cast and spinning. The silver nanorods serve as plasmonic nanocavities with a high 
quality factor and a low mode volume. Cavity tuning was accomplished by depositing alumina 
onto the sample. Through dark-field scattering spectroscopy, the authors observed obvious 
spectral splitting in the scattering spectra when the surface plasmon energy shifts across the 
exciton energy (Figure 5d). The corresponding dispersion exhibits an anti-crossing behavior 
with a vacuum Rabi splitting energy of ΩR = 49.5 meV.  
 
 
Figure 5. a) A scanning electron microscopy image of silver nanodisk lattices patterned on 
monolayer MoS2. b) Angle-resolved differential reflectance spectra of the sample in a). White 
and yellow dashed lines correspond to the uncoupled plasmon resonances and the two excitons, 
respectively. Red dots mark the resonance locations in the spectra. Blue solid lines are the 
theoretical fitting. a,b) Reproduced with permission.[98] Copyright 2016, American Chemical 
Society. c) Schematic of the system with an alumina-coated silver nanorod on monolayer WSe2. 
d) Dark-field scattering spectra of the sample shown in c). The vertical line marks the exciton 
wavelength. c,d) Reproduced with permission.[100] Copyright 2017, American Chemical 
Society. e) Schematic of metallic plasmonic microcavities with Au nanoparticle on monolayer 
WS2 (top) and multilayer WS2 (bottom). f) Dispersion of the plasmon-exciton polariton (PEPs) 
of Au nanoparticle on multilayer WSe2 shown in e). e,f) Reproduced with permission.[104] 
Copyright 2017, Nature Publishing Group. g) Schematic of the Tamm-plasmon device with 
embedded monolayer WSe2. h) Dispersion of Tamm-PEPs obtained from angle-resolved PL 
spectra measured of the device in g) at room temperature. g,h) Reproduced with permission.[108] 
Copyright 2016, Nature Publishing Group. 
 
 Plasmonic cavities also have different configurations, commonly formed by mirrors 
and plasmonic nanostructures.[104-106] As shown in Figure 5e, TMD atomic layers with different 
thicknesses are placed inside the cavity formed between gold nanoparticles and a gold 
mirror[104] (a similar approach is used by Han et al.[105]). The strong plasmonic field confined 
inside such a cavity couples strongly with excitons to form hybrid PEPs. Through dark-field 
scattering spectroscopy measurements with laser-induced plasmon resonance tuning, the 
dispersion relation of the PEPs was obtained (Figure 5f). Based on the dispersion relation, a 
Rabi splitting energy of about 137 meV was obtained. In a different design, Bisht et al. placed 
a monolayer WS2 coupled with plasmonic nanoparticles inside a resonant microcavity formed 
by two metallic mirrors. Such a hierarchical coupling significantly increased the coupling 
strength due to the high quality factor of the cavity. As a result, they observed a huge Rabi 
splitting energy exceeds ∼500 meV at room temperature, which is the highest reported ΩR in 
TMD polaritons.[106]  
 Tamm plasmons are a special type of plasmonic modes formed at the boundary between 
a DBR mirror and metal.[107] Unlike conventional surface plasmon polaritons that are 
subdiffractional with high wavevectors, Tamm plasmons are sitting inside the light cone, so 
they can be excited directly by an optical beam. Tamm plasmons were also used in polaritonic 
studies of TMDs. As shown in Figure 5g, a TMD monolayer is embedded inside a Tamm-
plasmon microstructure, which is composed of a DBR, a polymer layer, and a thin metallic 
cap.[108,109] The polariton dispersion relation in the Tamm structure was measured by angle-
resolved PL spectra and a Rabi splitting of 23.5 meV is resolved (Figure 5h). In a different 
study,[110] hybrid Tamm-plasmon EPs generated due to the strong coupling between excitons 
in GaAs quantum wells, MoSe2 monolayer, and cavity photons were observed. Such hybrid 
PEPs inherit the properties of strongly interacting excitons from both GaAs quantum wells and 
MoSe2, resulting in Bose-Einstein condensation at an elevated temperature of 4.2 K.[111] 
 
 2.3 Other coupling methods for EPs in TMDs 
 In addition to F-P cavities and plasmonic cavities/nanostructures, there are also other 
types of coupling methods that can be used to realize the strong coupling between photons and 
excitons in TMDs. For example, Zhang et al. demonstrated one-dimensional (1D) dielectric 
photonic crystals (PC) with a sub-wavelength thickness as a designable platform for the study 
of EPs.[112] The device structure is illustrated in Figure 6a, where a monolayer TMD sample is 
placed over a PC made of a silicon-nitride grating. Since the 1D PC is anisotropic in-plane, its 
photonic modes show clear anisotropy. Figures 6b and 6c present the angle-resolved PL data 
(left) taken at 10 K and simulated absorption results (right) along the x and y directions (Figure 
6a), respectively. In both directions, strong couplings are evidently shown with Rabi splitting 
energies of 18.4 and 16.1 meV, respectively. The total linewidth of the EPs is about 4.6 meV, 
so the system is well into the strong coupling regime. In the same work, room temperature 
experiments were performed on a WS2/PC device, where a Rabi splitting energy of 22.2 meV 
that is also higher than the polariton linewidth (8.4 meV). Compared to conventional 
polaritonic cavities, the polaritonic device based on PC demonstrated by Zhang et al. allows 
unprecedented engineering flexibility for exploring novel polaritonic phenomena and device 
concepts. 
 Another convenient approach for exploring EPs in TMDs is by depositing the sample 
directly onto a Bragg mirror.[113] At the surface of the Bragg mirror, a propagating Bloch surface 
wave (BSW) forms upon optical excitation, which strongly couples with excitons in the TMD 
sample on top to form the so-called BSW-EPs (Figure 6d). With PL spectroscopy, the 
dispersion of the BSW-EPs was measured, based on which a Rabi splitting energy of 43 meV 
was determined (Figure 6e). In addition, the propagation properties of the BSW-EPs were also 
studied by pumping one location of the sample with above-gap excitation laser and measuring 
the decay of the PL signals over a distance. According to the measurement, the propagation 
length at the lower polariton branch reaches 33 µm. Furthermore, strong nonlinearities 
originated from polariton-polariton interactions were observed, manifesting as a reversible 
blueshift of the lower polariton resonance with increasing pump intensities (Figure 6f). The 
long propagation length and strong nonlinearities of BSE-EPs observed here in TMDs show 
promises for future applications in integrated optical processing and polaritonic circuits.  
 
 
Figure 6. a) Schematic of a monolayer TMD on a one-dimensional photonic crystal (PC) 
structure. b,c) Angle-resolved PL data taken at 10 K (left) and the simulated absorption results 
(right) of the WSe2 on PC device shown in a) with incident light along the x and y directions, 
respectively. a-c) Reproduced with permission.[112] Copyright 2018, Nature Publishing Group. 
d) Schematic of a monolayer WS2 on a dielectric Bragg mirror, where Bloch surface wave 
(BSW) EPs form. e) Experimental dispersion colormap of the BSW-EPs in the device shown 
in d), where the PL intensity under 514 nm excitation is plotted. The dashed curves are the 
fitting. f) Excitation power dependent lower polariton branch of the BSW-EPs show a 
reversible blue shift with increasing power. d-f) Reproduced with permission.[113] Copyright 
2018, Nature Publishing Group. 
 
 2.4 Valley-polarized EPs in TMDs 
 One of the most intriguing properties of TMD atomic layers is their valley degree of 
freedom, which is originated from the broken inversion symmetry and the resulting spin-valley 
locking.[114] Valley dependent optical selection rules determine that the specific (K or K’) valley 
can only be addressed by certain (right, σ+, or left, σ-) circularly-polarized excitation (top inset 
of Figure 7a). Therefore, excitons and EPs of TMDs are also governed by the same selection 
rules and are thus controlled by the circular polarization of the excitation beam. Recently, valley 
polarized EPs in TMDs were extensively studied. The general approach used in these studies 
is exciting the TMD sample with circularly polarized laser and then measuring the helicity (or 
percentage of polarization) of the emitted light due to EPs. The helicity can be defined as ρ = 
[I(σ+)-I(σ−)]/[I(σ+)+I(σ−)], where I(σ+) and I(σ−) are the intensities of emissions with left 
and right circular polarizations, respectively.[97] An alternative approach for quantifying valley 
polarization is using the degree of linear polarization that is an indication of coherence between 
valleys.[115,116]  
 
 
Figure 7. a) Schematic of the study of valley-polarized EPs in TMDs. The lower and upper 
polariton branch (labeled as LPB and UPB) are plotted as solid grey curves. Top inset: inversion 
symmetry breaking induced valley-polarization in TMD. Bottom inset: microcavity structure 
embedded with WS2 for the study of valley polarized EPs. b) Helicity-resolved lower-
polariton-branch PL spectrum of WS2 integrated over all angles excited by a σ− polarized laser 
at 1.98 eV. c) Angle-resolved helicity of EPs in WS2 with three different detunings. a-c) 
Reproduced with permission.[97] Copyright 2017, Nature Publishing Group. d) Temperature-
dependent helicity of EPs and bare excitons in MoS2. d) Reproduced with permission.[90] 
Copyright 2017, Nature Publishing Group. e) Polarization-resolved PL spectra (solid curves) 
and helicity or polarization angles (blue crosses) of trion polaritons under σ+ excitation at T = 
50 K. e) Reproduced with permission.[91] Copyright 2017, Nature Publishing Group. The 
vertical dashed line (X-) marks the trion energy. f) Polarization-resolved PL spectra at zero in-
plane momentum under pump power below and above the condensation threshold. f) 
Reproduced with permission.[112] Copyright 2018, Nature Publishing Group. 
 
 The device structure by Sun et al.[97] is illustrated in the bottom left inset of Figure 7a, 
where a monolayer WS2 is embedded inside an F-P cavity consisted of two silver mirrors. In 
this device, detuning of cavity photon energy is achieved by varying the thickness of the top 
silver mirror. In Figure 7b, helicity-resolved PL spectrum of EPs in the lower polariton branch 
is measured at room temperature. Here the WS2 sample is excited by a σ- polarized laser beam 
at the A exciton energy (~1.98 eV). It is clear that the σ− polarized emission is significantly 
stronger than the σ+ polarized one with a helicity of (27 ± 2) %. Figure 7c presents the angle-
resolved helicity of EPs in WS2 with three different cavity detunings (Δ = Eca – Eex, where Eca 
and Eex are resonant energies of the cavity and A excitons, respectively). At all angles, a larger 
helicity is observed in the positive detuned cavity, which is due to the higher exciton component 
in the lower polariton branch for the positively detuned (Δ > 0) EPs. In addition, the helicities 
increase with the emission angle in the positively detuned cavity (Δ = +16 meV), whereas no 
clear trend is observed in the negatively detuned cavities (Δ = -60, -105 meV). According to 
the authors, such an interesting angle- and detuning-dependence is attributed to the competition 
between the pseudomagnetic field and excitonic component in EPs.  
 In a complementary work,[90] Chen et al. performed a systematic temperature-
dependence study of valley polarizations of EPs. The device studied here is a monolayer MoS2 
placed between two DBR mirrors. Figure 7d presents the measured temperature-dependent 
helicity of EPs from both the up and bottom branches and of bare A excitons. For both EPs and 
bare excitons, the helicity drops with increasing temperature, which is attributed to intervalley 
scatterings. Nevertheless, the rate of decrease is different. For bare excitons, the helicity almost 
drops to zero at room temperature. For EPs, on the other hand, helicities are 7.5% and 13% 
respectively for the upper polariton branch and lower polariton branch at 300 K, indicating that 
EPs are less sensitive to intervalley scatterings. 
 The enhancement of valley coherence due to the suppression of intervalley scatterings 
was also observed in trion polaritons in TMDs.[91] In this work, polaritons due to both neutral 
excitons and trions in MoSe2 were studied at cryogenic temperatures. The polarization-resolved 
PL spectra of trion polaritons is shown in Figure 7e, where one can see a sizable helicity (up to 
20%) for trion polaritons in both lower and middle polariton branches (LPB and MPB). This is 
one order of magnitude higher than the helicity of bare trions in MoSe2 (~2%). Moreover, by 
investigating helicities as a function of exciton–cavity detuning, the polariton helicities are 
found to be dependent on the fractions of photons, excitons, and trions in the polariton states, 
indicating a complicated cavity-modified relaxation dynamics of the entire system.  
 Valley polarization studies were also performed in PEPs formed by coupling TMD 
excitons with resonance modes in plasmonic crystals[117] and Tamm plasmons.[118,119] The 
results are consistent with those of EPs discussed above. It was also found that Bose-Einstein 
condensation enhances valley coherence of polaritons. In this case, hybrid EPs formed by 
strong coupling between a Tamm-plasmon resonance, GaAs quantum well excitons, and MoSe2 
excitons were studied.[111] Figure 7f plots polarization-resolved spectra under excitation power 
below and above the condensation threshold. The helicity is greatly enhanced from 9.8% to 
17.9%, indicating better protection from depolarization for the condensate EPs. The 
enhancement is attributed to the bosonic amplification, which speeds up the relaxation 
dynamics from the reservoir.  
 
 2.5 Electrical tuning of EPs in TMDs 
 Electrical gating offers a convenient way for the active tuning of EPs in atomically thin 
TMDs, which is not available for conventional polaritonic materials. One direct outcome from 
gating is the switching between strong and weak exciton-photon coupling regimes as 
demonstrated by Chakraborty et al in a monolayer WS2 cavity device at room temperature.[96] 
As shown in Figure 8a, the device was constructed by embedding a gate-tunable WS2 
monolayer inside a microcavity. By applying gate voltages, the induced free carriers suppress 
the attraction between the electrons and holes, resulting in a significant reduction of the exciton 
oscillator strength. As a result, the Rabi splitting revealed by the angle-resolved reflection 
spectra contour map (Figure 8b) decreases gradually from 60 meV for the charge-neutral 
condition to almost indistinguishable as the TMD is significantly doped.  
 
 
Figure 8. a) Schematic of the gate-tunable WS2 device embedded inside a microcavity. b) Gate-
voltage-dependent reflection spectra contour map of the device shown in a). Data were taken 
at room temperature with an incident angle of 21º. a,b) Reproduced with permission.[96] 
Copyright 2018, American Chemical Society. c) Angle-resolved differential reflectance spectra 
of monolayer TMD on a plasmonic lattice at two different gate voltages. The red dots and grey 
curves are from experiment and fitting. The yellow, green and blue dashed lines mark the 
energies of uncoupled neutral A excitons (A0), trions (A-), and localized plasmon resonances, 
respectively. c) Reproduced with permission.[120] Copyright 2017, American Chemical Society. 
d) Sketch of hybrid coupling of the J-aggregate dye TDBC and WS2 monolayer to a confined 
optical microcavity mode with electrical tunability. e) Cavity length-dependent transmission 
spectra of hybrid WS2-TDBC microcavity with gate voltages of -210 V (left) and 210 V (right), 
respectively. d,e) Reproduced with permission.[121] Copyright 2017, Nature Publishing Group. 
 
 Gate tuning has also been demonstrated in a variety of hybrid polaritons such as PEPs 
[120] and hybrid organic-inorganic EPs[121]. In the former case, PEPs were generated by coupling 
excitons in MoS2 with localized plasmon resonance modes in silver nanodisk arrays (device 
structure similar to that of Figure 5a). Figure 8c presents the low-temperature (77 K) angle-
resolved differential reflectance spectroscopy data of such a device (Figure 5a) taken at two 
different gate voltages (other voltages are given in the original paper[120]), where dispersion 
properties of PEPs were visualized. At zero gate voltage (Vg = 0), photons couple with the 
charge-neutral A excitons (A0, yellow dashed line) and the plasmon resonance mode (blue 
dashed line), so three polaritonic branches are observed (left panel of Figure 8c). As Vg 
increases to 40 V, the neutral exciton mode becomes weaker due to the injected carriers and 
charged exciton (trion) feature appears. As a result, four polaritonic branches are shown in the 
dispersion map (right panel of Figure 8c).  
 In the latter case, hybrid organic-inorganic EPs were created through the coupling of 
photons in an F-P cavity with excitons in both the J-aggregate dye TDBC and monolayer WS2 
(Figure 8d).[121] The Frenkel excitons (~2.11 eV) in organic dye have a low mobility due to 
weak exciton-exciton interactions. The Wannier-Mott excitons (~2.0 eV) in WS2, on the other 
hand, possess a large mobility owing to their crystalline structure. Figure 8e plots the 
dispersion of the hybrid EPs for two different gate voltages (-210 and 210 V), as measured by 
taking successive transmission spectra with varying cavity lengths. Clearly, there are three 
polaritonic branches formed due to the coupling of photons with two types of excitons. 
Moreover, as the gate voltage increases from -210 to 210 V, the energy of Wannier-Mott 
excitons in WS2 shifts from 1.997 to 1.968 eV, and the corresponding Rabi splitting energy 
decreases from 57 to 35 meV. In the case of Frenkel excitons in TDBC, there are no apparent 
changes in both the exciton energy and the Rabi splitting energy. By fitting the polariton 
dispersion, the authors were able to determine the relative mixing coefficients of photons, 
Frenkel excitons, and Wannier-Mott excitons in the three polaritonic branches. These mixing 
coefficients show clear dependence with gate voltages.  
 
3. Near-field imaging studies of EPs in TMDs 
 As introduced in Section 1.3, near-field imaging is a different approach compared to 
far-field spectroscopy in polaritonic studies. While the spectroscopy method probes the 
resonance behaviors in the frequency space, the near-field imaging reveals the coherent 
propagation of nanophotonic modes in the real space. The earliest reported attempt of EP 
imaging in TMDs was performed by using the aperture-type SNOM (a-SNOM).[122] In this 
work, a metal-coated fiber tip with an aperture size of about 100 nm was utilized to excite the 
waveguide modes (left panel of Figure 9a), which defines the spatial resolution. With the a-
SNOM technique, propagative waveguide EPs at the lower-energy polariton branch were 
imaged. Nevertheless, the entire dispersion of EPs was not fully resolved, possibly due to the 
relatively low resolution and low sensitive of the a-SNOM setup used in this work.[122]  
 The first near-field imaging study confirming the signature dispersion of EPs in TMDs 
was reported by Hu et al.[71] Here waveguide EPs in MoSe2 thin flakes were imaged with a s-
SNOM (right panel of Figure 9a) excited by a Ti:Al2O3 laser operating in the continuous-wave 
(CW) mode. The spatial resolution of s-SNOM images is determined by the radius of the AFM 
tip apex and can reach as high as 10-20 nm. The laser can be conveniently tunable from 1.3 to 
1.8 eV, covering the energy of the A excitons of MoSe2. As illustrated in the right panel of 
Figure 9a, the metallic AFM tip illuminated by p-polarized (electric field polarized in the 
incident plane) laser launches the propagative waveguide EPs into a 156-nm-thick MoSe2 flake. 
These waveguide modes typically have relatively high in-plane momenta and are confined 
inside the MoSe2 flakes due to the total internal reflection. Upon excitation, they propagate 
radially away from the tip and get scattered into photons at the sample edges. The edge-
scattered photons interfere with the photons scattered directly by the tip, thus forming the 
interference fringes shown in the s-SNOM images (Figure 9b).  
 Figure 9b plots the energy-dependent s-SNOM images, where fringes generated due to 
the interference of the waveguide EPs demonstrate a systematic variation with laser energy. 
First, the fringes period and intensity increase with decreasing laser energy (top to bottom 
panels in Figure 9b). In addition, more fringes are observed in the s-SNOM images taken at 
lower laser energies. By measuring the period of the interference fringes at any given laser 
energy (Eep), the polariton wavelength (λep) and polariton wavevector (kep = 2π/λep) of the 
propagative EPs are determined. The dispersion relation constructed by the experimental (kep, 
Eep) data points is shown in Figure 9c, which is consistent with the theoretical dispersion 
relation of the TM0 waveguide mode (colormap). The obtained dispersion relation exhibits a 
back-bending feature at the A exciton energy (∼1.57 eV) with a Rabi splitting energy of ~100 
meV, indicating a strong coupling between excitons and waveguide photons in MoSe2. As 
discussed in Section 1.3, the back-bending dispersion is a signature of EPs under the fixed-
energy experiment (see Section 1.3). In addition to λep, the other key real-space parameter of 
the EPs is the propagation length (Lep) was also accurately determined and fully discussed in 
the original paper.[71] In short, Lep reaches over 10 µm at the low polariton branch and drops 
rapidly to 2 µm and below as excitation energy approaches or surpasses the A exciton energy. 
The elevated damping at higher energies is mainly due to the exciton-phonon scatterings and 
the interband absorption continuum. Furthermore, it was also demonstrated that λep could be 
tuned from 600 down to 300 nm by altering the thickness of the MoSe2 waveguides, providing 
a convenient method to tailor the waveguide EPs for practical applications.  
 
 
Figure 9. a) Schematic of EPs in a TMD sample launched by the aperture-type SNOM (a-
SNOM, left panel) and scattering-types SNOM (s-SNOM, right panel). The arrows mark the 
incident laser beam. b) The s-SNOM imaging data of waveguide EPs in a 156-nm-thick MoSe2 
thin flake taken at various laser energies. c) Dispersion of waveguide EPs obtained from s-
SNOM measurements (blue dots) and calculations (color map). The momentum (in x-axis) is 
normalized to the free-space photon wavenumber k0 = 2π/λ0. Left panel of a), Reproduced with 
permission.[122] Copyright 2016, American Physical Society. Right panel of a) and b,c), 
Reproduced with permission.[71] Copyright 2017, Nature Publishing Group. d) The s-SNOM 
images with fringe profiles (left) and the corresponding Fourier transform profiles (right) of 
propagative waveguide modes in MoS2 thin flakes with various thicknesses. d) Reproduced 
with permission.[123] Copyright 2017, Nature Publishing Group. e) Schematic of the ultrafast 
pump-probe imaging studies of EPs in WSe2. f) Time-resolved pump-probe near-field images 
of the waveguide EPs in WSe2. e,f) Reproduced with permission.[124] Copyright 2019, 
American Association for the Advancement of Science. 
 
 In a later report,[123] near-field imaging with s-SNOM was performed to study the 
waveguide modes in TMDs away from the A exciton energy. Here the authors mapped the 
interference fringes formed in MoS2 thin waveguide by using an s-SNOM excited by a 1.55 
µm lasers, corresponding to a photon energy of 0.8 eV (left panel of Figure 9d). With Fourier 
analysis (right panel of Figure 9d), the authors found out that these fringes were formed due to 
the interference involving both TE0 and transverse magnetic TM0 waveguide modes, both of 
which show sensitive dependence on the sample thickness. Note that the edge orientation of 
the sample in this work is different from the previous study.[71] As discussed in detail in both 
works, edge orientation is critical for the understanding of the fringe patterns of the waveguide 
modes. By fitting rigorously these waveguide modes considering edge orientations, the authors 
were able to determine accurately both the in-plane and the out-of-plane optical constants of 
MoS2. Compared to the conventional Kramers-Kronig analysis method that requires ultra-
broadband far-field optical spectroscopy, the near-field imaging method proposed here can be 
done at any particular laser frequency, and it can be applied to samples with microscopic sizes.  
  Very recently, a new study combining both near-field imaging and ultrafast pump-
probe techniques on waveguide EPs in WSe2 thin flakes was reported (Figure 9e).[124] In this 
work, a broadband femtosecond Ti:Al2O3 laser with a pulse width of < 10 fs was used for both 
pumping and probing. The pump beam covers a wavelength of 650 -700 nm and probe beam 
can be selected from 700 to 1050 nm using narrow-band beam passes. The probe beam path 
includes a delay line to tune the time delay (∆τ) between the pump and probe pulses. With such 
a setup, Mrejen et al. achieved a spatial resolution of 50 nm and a temporal resolution of sub-
45 fs. Figure 9f presents a selection of snapshots of the near-field images taken at different time 
delays, where bright fringes generated due to the interference of waveguide EPs are shown. 
Interestingly, both signal intensity and the number of fringes in the interior of the sample 
increase at longer time delays. According to the authors, the observed time evolution of the 
near-field imaging data is linked to the small group velocity of the EPs as well as the 
photoexcited free electrons in WSe2. 
 The near-field imaging method with the s-SNOM technique has also been applied in 
probing unguided modes in TMDs. As reported by Babicheva et al.,[125] Zenneck surface waves 
were imaged at the interface between MoS2 thin flakes and silicon. The Zenneck surface waves 
are a special type of modes propagating at the interface between a material with a positive 
permittivity and a lossy media, which was originally discussed when solving the problem of 
electromagnetic waves propagating at the surface of lossy earth or ocean in the early 20th 
century.[126] Two types of Zenneck surface waves (mainly localized at the TMD/air interface) 
and another Zenneck-type mode (mainly localized at the TMD/silicon interface) were observed 
by the authors. All these modes were discovered to form interference fringes close to the sample 
edges. In principle, these surface modes could also couple with excitons to form EPs, though 
the propagation length of these modes is limited due to the large mode leakage.  
 The near-field imaging studies discussed above provide us a good understanding of the 
real-space characteristics of waveguide EPs in TMDs. One of the key characteristics is the 
mode confinement that is quantified by the confinement factor ξ = kep/k0 ≡ λ0/λep. The 
parameter ξ is determined by many factors including laser wavelength, laser polarization, 
waveguide geometry and the excitonic properties of TMDs. Here we take the planar waveguide 
for example, which has been explored experimentally. The TE and TM modes of the planar 
waveguides are completely different due to the anisotropic properties of TMDs. With simple 
momentum matching analysis, we know that the up limits of ξ for both TM and TE modes in 
a planar TMD waveguide are defined as: 
  2 20 0/ ( / ) /
TM TM
ep c c ab z ck k k kξ ε ε ε ε= = − ≤  (TM mode),            [8] 
  2 20 0/ /
TE TE
ep ab z abk k k kξ ε ε= = − ≤  (TE mode).                  [9] 
Here εab and εc are the ab-plane and c-axis dielectric constant of TMDs. According to previous 
literature,[27,71,123,127] the real parts of abε  and cε for various types of bulk TMDs are in 
the range of 4.5-5.5 and 2.5-3.5 respectively close to the A exciton energy (see Figure 2d), 
which define the up limits of ξTE and ξTM. Therefore, the ξTE and ξTM are expected to be close 
for different types of TMDs. Their key difference lies in the exciton energies (Figure 1b). Note 
that dielectric functions of TMDs are also dependent on the sample quality and temperature.[27] 
The above discussions about ξTE and ξTM are partially confirmed by experimental studies. As 
shown in Ref. [71], ξTM reaches as high as 2.7 for TM EPs in a 156-nm-thick MoSe2 thin flake. 
The TE modes far away from the exciton energy imaged in Ref. [123] have a ξTE close to 4.5 
in a 198-nm-thick MoS2 flake, and it is expected to be higher close to the A exciton energy.  
  
4. Summary and outlook 
 In summary, recent progress in the studies of EPs in group VI TMDs has been reviewed 
here. With both far-field spectroscopy and near-field imaging measurements, researchers have 
established that EPs in this class of materials are highly stable at room temperature. These EPs 
were excited experimentally by coupling excitons in TMDs with photons confined in cavities, 
waveguides, photonic crystals or at interfaces. They could also interact with plasmons in 
metallic films or nanostructures to form PEPs. Both EPs and PEPs show strong light-exciton 
coupling with a Rabi splitting energy from tens to hundreds of meV. Besides the strong light-
matter coupling, the coherent transport of waveguide EPs with high spatial confinement and 
long propagation length have been demonstrated in TMDs. Moreover, it was found that these 
polaritonic modes are highly tunable by controlling sample thickness, gate voltages, and valley-
selective optical excitations.  
 All the above findings pave the way for future studies of EPs in TMDs for new physics 
and applications. The fundamental quantum physics to be explored include Bose-Einstein 
condensation and superfluidity of EPs, which have been observed previously in a number of 
other semiconductors.[11-18] The active tunabilities with electrical gating and valley-polarized 
optical excitations of TMD EPs could potentially offer new degrees of freedom for 
manipulating these quantum states of matter. Moreover, the RT stability of TMD EPs makes it 
easier to take advantage of these quantum phenomena for technological applications. One such 
application is polariton laser with an ultra-low lasing threshold.[79,128,129] Other potential 
polaritonic devices include polariton transistors, polariton logic gates, polariton switches, 
polariton amplifiers, and polariton interferometers.[129,130] All these polaritonic devices could 
potentially be realized in TMD-based polaritonic circuitry that offers high-speed and ultra-
broadband on-chip signal processing and communications.   
 In addition to bare TMDs, TMD-based vdW heterostructures could also be an 
interesting system for polaritonic studies. Many intriguing excitonic phenomena have been 
observed in TMD heterostructures, such as interlayer excitons[131] and Moiré excitons[132-134]. 
Polaritonic responses due to the coupling with these new excitonic modes remain unknown. 
Therefore, we expect that EPs will remain an active research area in TMDs and their 
heterostructures. The knowledge acquired from the polaritonic studies of TMDs will also open 
the door to the research of EPs in other novel vdW semiconductors. One typical example is 
black phosphorus[135] that supports anisotropic excitons with a sensitive dependence on the 
sample thickness. Another interesting system is the layered molecular semiconductor, such as 
molecular layers of pentacene,[136] and C8-BTBT,[137]. These organic vdW semiconductors 
support strongly bounded excitons that are sensitively dependent on the molecule orientations 
and interface interactions. All these new vdW semiconductors could potentially support EPs 
with novel properties and functionalities.   
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